Abstract. The aim of this study was to investigate whether an excitotoxic concentration of N-methyl-D-aspartate (NMDA) increases the expression of the phosphorylated cAMP response element-binding protein (p-CREB) and the DNA-binding activity of the cAMP response element (CRE) in rat retina. Intravitreal injection of NMDA was performed in adult male Wistar rats. p-CREB protein levels in the retina were examined by Western blot analysis. DNA-binding activity of CRE in the retina was evaluated by an electrophoretic mobility gel shift assay (EMSA). We confirmed that NMDA induced the reduction of ganglion cells and the inner plexiform layer of the retina. Western blot analysis showed increases in the expression of p-CREB in the retina 12 and 24 h after intravitreal NMDA injection and dimer formation of CREB in the nuclear fraction at 24 h. Increases of DNA-binding activity were observed in the retina 24 h after NMDA injection by EMSA. Our results suggest that phosphorylation of CREB may involved in NMDA-induced excitotoxicity in rat retina. Phosphorylated CREB seems to be the active form and the one that is transcribed.
Introduction
Cyclic AMP (cAMP) plays a role as an intracellular second messenger system (1) . cAMP has been found to be important in diverse neuronal functions including cell survival and gene expression (2) . In the field of ophthalmology, it was recently reported that cAMP play an important role in survival of the retinal ganglion cell (RGC) in certain neuronal disorders (3, 4) . For example, cAMP response element-binding protein (CREB) is one of several transcriptional factors that are regulated by cAMP (5, 6) . CREB has been found to be a major factor in mechanisms involved in survival and plasticity of neuronal cells (7 -9) . It was recently reported by investigators who used immunohistochemistry of the rat retina to demonstrate that phosphorylated CREB (p-CREB) was induced in the ganglion cell layer (GCL) upon stimulation by either exposure to light or exposure to a Ca 2+ -channel activator (10, 11) . Moreover, it is known that phosphorylation of CREB is necessary for cAMP-dependent transcription of several genes (12) .
Glutamate-induced toxicity in the nerve cells may play a role in a broad spectrum of ophthalmic diseases (13 -15) . Overstimulation of one subtype of the glutamate receptor, N-methyl-D-aspartate (NMDA) receptor, induces cell death in rat RGC (16) . It was recently reported that NMDA-mediated excitotoxicity in rat retina might develop through an apoptotic-like mechanism (17) . Within this NMDA-stimulated signal transduction system, the cAMP-CREB systems appear to be important. Activation of NMDA receptors induces phosphorylation of CREB in cultured hippocampal neurons (18) and glutamate induces nuclear p-CREB expression in cultured hamster suprachiasmatic nuclei (SCN) (19) . p-CREB seems to be the active form and the one that is transcribed. However the mechanisms involved in NMDA-induced excitotoxicity in retina and the role of CREB are unclear.
To investigate these mechanisms, we determined whether NMDA was a component of the signal transduction cascade that activates CREB in a model of NMDA-induced injury of rat retina.
Materials and Methods

Animals
Experiments were performed on 8-week-old of male Wistar rats (Clea, Tokyo) (n = 78). All studies were conducted according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Animals were housed in a room where temperature (23 ± 1°C), humidity (55 ± 5%), and lighting (light from 6 AM to 6 PM) were controlled.
Animal models of NMDA-induced neurotoxicity
Intravitreal injection of NMDA (Sigma, St. Louis, MO, USA) was performed as described previously (16, 20, 21) . Briefly, rats were anesthetized by intraperitoneal (i.p.) injection of sodium pentobarbital (35 mg / kg). During the experiments, body temperature was maintained at 37°C with a heating pad (PS-su100; Riken Kaihatsu, Tokyo). A single 5-ml injection of 4´10 -2 M NMDA solution was administered intravitreally into one eye. To obtain this solution, NMDA was dissolved in 0.1 M phosphate-buffered saline (PBS). As a control, PBS was administered to the opposite eye. Rats were sacrificed by i.p. injection of an overdose of pentobarbital, and the eyes were enucleated at 12 or 24 h after intravitreal injection.
Histology
Twenty animals were used. Histology was performed as described previously (16, 20, 21) . Briefly, at 5 days after intravitreal injection, the eyes were enucleated and fixed by immersion in Carnoy's fixative for 24 h at 4°C, followed by dehydration and paraffin embedding. Transverse sections (3-m m-thick) were made through the optic disc. The sections were stained with hematoxylin and eosin, and the number of cells in the GCL and the thickness of the inner plexiform layer (IPL) were determined at 1.0 mm from the optic disc.
Electrophoretic mobility shift assay (EMSA)
Ten animals were used in each group, respectively. Nuclear proteins were isolated from rat retina by using commercially available nuclear and cytoplasmic extraction kits (NE-PER TM Nuclear and Cytoplasmic Extraction Reagents; Pierce Chemical Co., Rockford, IL, USA). Each sample contained five retinas. After extraction of protein from the retina, protein concentrations were determined by the Bio-Rad Protein Assay (BioRad, Hercules, CA, USA). The CREB-binding reaction mixture contained 10 m g of nuclear protein; 2 m g of poly (dI-dC), as a non-specific competitor of DNA in binding buffer (20 mM HEPES-NaOH (pH 7.90), 1 mM dithiothreitol, 0.3 mM EDTA, 0.2 mM EGTA, 80 mM NaCl, 10% glycerol, and 0.2 mM phenylmethylsulfonyl fluoride (PMSF); and 10,000 cpm of 32 P-labeled CREB oligodeoxynucleotide (ODN) (Promega, Madison, WI, USA). Unlabeled CREB probe at 10-or 100-fold greater concentrations than the 32 P-labeled CREB ODN and 0.2 m g IgG of anti CREB antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used as specific competitors in the EMSA. After incubation for 30 min at room temperature, the DNA-protein complexes were applied to a 6% polyacrylamide gel in 25 mM Tris-borate buffer containing 0.5 mM EDTA, pH 8.3. Electrophoresis was carried out at 100 V for 2 h at 4°C. The gel was dried and exposed to X-ray film (X-OMAT, Kodak) with an intensifying screen at -80°C. We confirmed that intravitreal injection of vehicle had no effect on CRE-binding activity (data not shown).
Western blot analysis
Samples from 38 rats were used for the Western blot analysis. Each retina was homogenized in 200 m l of protein extraction buffer (50 mM Tris-HCl (pH 7.40), 1 mM EGTA, 0.001% leupeptin), and then it was centrifuged at 15,000´g for 15 min at 4°C. Protein concentrations were determined by the Bio-Rad Protein Assay. Protein samples (35 m g per lane) were boiled with gel loading buffer for 3 min and applied to 10% SDS polyacrylamide gels. The samples were transferred to enhanced chemiluminescence membranes (ECL; Amersham Pharmacia Biotech, Piscataway, NJ, USA), and the membranes were blocked for 1 h at room temperature with Tris-buffered saline (TBS)-0.1% Tween-20 containing 5% skim milk (Wako Pure Chemical Industries, Ltd., Osaka). The membranes were then incubated for 2 h with anti-CREB antibody (Santa Cruz Biotechnology) diluted 1:200 in TBS containing 1% skim milk. After three washes with 0.1% Tween-20 in TBS (T-TBS), the membranes were incubated for 1 h with peroxidase-labeled anti-rabbit IgG antibody (Cappel, Aurora, OH, USA) diluted 1:5000 in T-TBS. After three washes with T-TBS, the immune complex was visualized with an ECL detection system (ECL Plus Western Blotting Detection System, Amersham). We confirmed that itravitreal injection of vehicle has no effect on the expression of p-CREB in rat retina (data not shown).
Statistics
Data are reported as the mean ± S.E.M. Differences between groups were analyzed by one-way ANOVA, followed by Scheffe's method or the Mann-Whitney U test. A probability value of less than 0.05 was considered statistically significant.
Results
Effect of NMDA on retina assessed by histology
To confirm retinal neuronal damage of NMDA in our model, we observed the effect of intravitreal injection of NMDA on retina by histological analysis. Five days after NMDA, ganglion cells in the NMDAtreated retina were markedly reduced compared to the control retina. Thickness of the IPL in the NMDAtreated retina (Fig. 1A) was also lower than that in the control retina (Fig. 1B) .
Effects of NMDA on the expression of p-CREB in rat retina
Effects of NMDA on the expression of p-CREB were analyzed by Western blot analysis in homogenates from retinas of rats. Twelve hours after NMDA injection, p-CREB expression in the total protein (from retinal homogenates) of the NMDA-treated group was significantly increased over that of the control (Fig. 2B) . p-CREB expression in the rat retina was still significantly increased over that of the control group at 24 h (Fig. 2D) . Also, p-CREB expression in the cytosolic fraction (from retinal homogenates) of the NMDA-treated group of rats was significantly increased over that of the control (Fig. 3B) .
Effect of NMDA on the expression of CREB in the nuclear fraction of retina in rats Effect of NMDA on the expression of CREB in the nuclear fraction of rats was analyzed by Western blot analysis. In retinas from the NMDA-treated group, CREB dimer formation (45 and 90 kDa) was observed 24 h after NMDA injection, whereas this was not seen in the control group (Fig. 4) .
Effect of NMDA on the DNA-binding activity of CREB in rat retina
Effects of NMDA on the DNA-binding activity of CREB in rat retina were analyzed by EMSA. DNAbinding activity of CREB in the retina of the NMDAtreated group of rats was higher than that of the control group at 24 h after intravitreal injection (Fig. 5) . We confirmed that the binding to DNA of 32 P-labeled ODN of the CREB consensus sequence was specifically inhibited by excess amounts of unlabeled ODN (10ó r 100´) and anti-CREB antibody. 
Discussion
The biological characteristics of CREB have been extensively studied in cells. In a recent study, it was reported that neuronal growth and survival deficits were observed in CREB null mice (9) . Activation of CREB can trigger induction of the antiapoptotic gene Bcl-2, which contains a CRE site in the promoter region (22) . It is possible that CREB is required within neurons for neurotrophin-dependent survival (23) . In the central nervous system, an excess of glutamate, which occurs in ischemia and hypoxia, results in degeneration (24 -26) and activation of the NMDA receptor, leading to phosphorylation of CREB (19) . Therefore, we examined the effect of NMDA on the CREB in rat retina.
It was reported that apoptotic changes due to NMDA treatments were noted in degenerating cells in GCL and the inner nuclear layer (INL) of rat retina (17) . On the other hand, it was reported that CREB-immunoreactivity-positive cells (CREB-IR-cells) were detected in the GCL and INL (10) and that phosphorylation CREB-IR-cells were detected in the GCL and INL after exposure to a flashing light (11) . It was reported that p-CREB was enhanced by glutamate, whereas total Bars represent the mean ± S.E.M. of ten to eleven independent experiments. **P<0.0001, compared with the control (n = 10 or 11). CREB did not change on Western blots in SCN tissue of the hamster (19) . We found that NMDA increased the phosphorylation of CREB in the retina of rats. CREB mediates transcriptional regulation in the central nervous system (5) . We observed that NMDA-induced excitotoxicity is associated with phosphorylation of CREB in rat retina. We found not only that NMDA activates CREB through phosphorylation, but also that NMDA induces increases in CREB binding to DNA.
cAMP-regulated gene expression involves a DNA element known as cAMP-regulated enhancer (12) . Many transcription factors bind to this element, including CREB, which is activated as a result of phosphorylation by protein kinase A (27 -29) . These data suggest that NMDA increases both a) the ability of CREB to bind to the CRE promoter of the nuclear protein in rat retina and b) the transcriptional activity of CREB in the nuclear fraction.
We observed that dimer formation of CREB was caused by NMDA stimulation in the nuclear fraction of rat retina. It was reported that monomer and dimer forms of CREB expressed in PC12 and CREB were observed at a molecular masses of 45 kDa (monomer) and 90 kDa (dimer) (5) . CREB forms dimers that are the transcriptionally active form and monomers that are the transcriptionally inactive form (5) . CREB has a basic amino acid linked to the leucine zipper as a DNA-binding domain, indicating that proteins bind to CRE as a homodimer or heterodimer with c-jun and c-fos (30) . The basic amino acid and the leucine zipper (b-ZIP) family of transcription factors bind to DNA as heterodimers and activate or repress the transcription of a variety of mammalian promoters (31 -33) . CREB is one of the best-characterized b-ZIP proteins. Phosphorylation of CREB causes its dimer formation and, consequently, its transcriptional efficacy (5). These findings suggest that dimer formation in NDMA-exposed rat retina in the present study may be related to phosphorylation of CREB.
It is known that phosphorylation of CREB in response to cAMP activation is necessary for transcriptional events in vivo (12, 34) . This activation is crucially dependent on the phosphorylation of Ser 133 by various kinases such as cAMP-dependent protein kinase (PKA) or Ca
2+
-calmodulin-dependent protein kinase (CaMK). In SCN, glutamatergic stimulation leads to phosphorylation of CREB via CaMK (19) . It was reported that activation of CaMK was evoked by stimulation of either NMDA receptors or L-type Ca 2+ channel in hippocampal neurons (35) . Entry of Ca 2+ through the NMDA receptorassociated channel is efficient in triggering retinal cell death (36, 37) . Translocation of calmodulin from the cytoplasm to nucleus plays an important role in the rapid phosphorylation of CREB, and certain Ca 2+ entry systems (L-type Ca 2+ channel and NMDA receptors) are able to cause mobilization of calmodulin (38) . Both CaM kinase II and CaM kinase IV, which phosphorylase CREB at Ser
133
, were expressed in the GCL and in the INL (39) .
NMDA-induced excitotoxicity by intravitreal injection was previously shown to result in a dose-dependent loss of cell number in the GCL and in the thickness of the IPL (16) . In the present study, it was similarly found that administration of NMDA results in loss of cells in the GCL and a reduction in thickness of the IPL. p-CREB-immunoreactivity was expressed in the INL and GCL after exposure to flashing light in the neural retina of mice (11) .
These results suggest that NMDA-induced retinal degeneration may be related to CREB activation.
